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Introduction
Carbon nanotubes (CNTs) are generating enormous interest as a potential new material for applications in electronics. For example, thin films of CNTs may be useful as transparent conducting electrodes or as the active layer in chemical sensors or thin film transistors. The films can be deposited by direct growth methods, however solution based processing techniques are favored. The lower temperature processes not only provide reduced energy costs, but also allow coating onto a variety of flexible (e.g. plastic) substrates. 1 The Langmuir-Blodgett (LB) technique is a simple and elegant means of building up multilayer architectures of amphiphilic compounds. Although CNTs are not inherently amphiphilic, there are a number of reports of LB deposition of these materials. 2, 3 Often, nanotubes are dispersed with amphiphilic polymers in organic solvents to improve dispersion 4 or the nanotubes are chemically modified to improve their solubility. 5 This research builds on our previous work 6, 7 in which we used the LB technique to fabricate thin films of unsorted CNTs (i.e. containing a mixture of metallic and semiconducting nanotubes).
Here, we describe a study of the LB deposition of undiluted and unmodified metallic and semiconducting nanotubes, and compare the morphologies of the different films.
Furthermore, we report detailed electrical conductivity data for these layers. The effects of electrode spacing and temperature are used to elucidate the dominant physical processes in the thin film networks.
Experimental Methods
Sorted single-walled carbon nanotubes (SWCNTs) were obtained from NanoIntegris in dried mat form. The unsorted material was separated by NanoIntegris by density gradient ultracentrifugation into semiconducting (SWCNT-S) and metallic nanotubes (SWCNT-M). 8 
4
The purity of the sorted material was 98 % for semiconducting nanotubes and 95 % for metallic. For both types of nanotube, catalyst impurities were approximately 1 % and carbonaceous impurities were below 5 %. The metallic or semiconducting SWCNTs were dispersed in chloroform (Fisher Scientific, 99.9 % purity) by ultrasonication to a concentration of ~0.02 mg ml -1 . No additional surfactants were added to either solution. Both materials contained nanotubes with a mean diameter of 1.4 nm. The mean tube length was approximately 1 m for the semiconducting material and about 0.5 m in the case of the metallic nanotubes.
A Molecular Electronics LB715 trough situated in a class 10,000 cleanroom was used to record surface pressure versus area isotherms and to perform LB deposition. A pure water subphase was used, with the addition of varying percentages (by volume) of methanol (Fisher Scientific, analytical reagent grade) to reduce the surface tension of the water. The water was purified by reverse osmosis, followed by carbon filtration, two stage deionisation and UV sterilisation through an ELGA Spectrum system. Borosilicate glass slide substrates were used for optical and electrical measurements. Various metals were investigated to establish electrical contact to the nanotubes, including silver paint (Agar Scientific, Electrodag 1415M), and thermally evaporated gold/aluminium and palladium.
Palladium electrodes separated by sub-micron gaps were fabricated on glass wafers using a modified version of a controlled undercutting method based on aluminium wet etching. 9 A description of the process can be found in the supporting information.
Current versus voltage measurements were taken over a range of temperatures (80 K -350 K) in an Oxford Instruments OptistatDN cryostat controlled by an Oxford Instruments ITC 5035 temperature controller. A Keithley 2635A sourcemeter was used to record the data. 5 Atomic force microscopy images were obtained using a Digital Instruments Nanoscope E scanning probe microscope, operating in contact mode, or a Digital Instruments NanoMan II, in tapping mode. Scanning electron microscopy (SEM) images were measured in the immersion mode using an FEI Helios Nanolab 600 microscope. This equipment also allowed energy-dispersive X-ray spectroscopy (EDX) to be undertaken on the samples. Optical absorption spectra were gathered for SWCNTs in solution and as-deposited on glass substrates using a Shimadzu UV-3600 spectrometer. A Rudolph Research AutoEL-IV ellipsometer was used to measure film thicknesses and refractive indices at wavelengths of 633 nm and 546 nm.
Results and Discussion
Isotherms and Langmuir-Blodgett Deposition This suggests some organisation in the floating layer, with the nanotubes (or bundles of nanotubes) packing together on the surface. There is then a steady increase in surface pressure up to 14 mN m -1 , which is achieved at the minimum trough area of 20 cm 2 . The rate of increase in surface pressure does reduce towards the minimum trough area, signifying that the maximum pressure generated by the nanotube layer has been reached. 6 If the isotherm generated from 0.015 ml of material is compared with the generic isotherm (0.005 ml), at first sight it appears very different. However, due to the increase in the amount of starting material, the isotherm has simply been shifted to the right, so the extended plateau region has disappeared and the more organized condensed phase is immediately observed.
Interestingly, the rate of surface pressure increase is less rapid than that for the lower amount of material, possibly due to the formation of large aggregates on the subphase surface. These will reduce the ability of the nanotubes to organize and pack tightly on the surface. When even more starting material is used, a significantly higher starting pressure is observed (data for 0.1 ml), implying that there is already a film of nanotubes covering the surface of the water and reducing the surface tension (thereby increasing the surface pressure). As this film is compressed, there is little structure evident in the isotherm and there are no identifiable phase changes, or indeed a significant increase in surface pressure. We suggest that the floating SWCNT film is now in the form of relatively large aggregates on the water surface.
These are unable to organize and pack tightly together as the tubes appear to do when smaller amounts of material are used. Using 'classical' LB organic compounds, for example long-chain fatty acids and their salts, a monomolecular layer can be formed at the air/water interface under appropriate conditions. This is then transferred to a substrate during the vertical LB deposition process as a complete film (e.g. like a carpet). Because of the rope-like and highly hydrophobic nature of the nanotubes, it is unlikely that perfect floating monomolecular layers are formed on the water surface. The floating film will almost certainly be more than a monolayer in thickness in parts and also contain gaps where no CNT material is present. In the forthcoming discussion, these layers will simply be referred to as 'floating layers', to avoid confusion with true monolayers.
For LB deposition, the floating SWCNT layers were held at a constant pressure in the Following LB deposition, inspection using the atomic force microscope revealed that semiconducting nanotubes appeared to be coated with a 'residue.' Figure 2 shows a typical AFM image of the film structure. The residue could be washed off using propanol followed by acetone; however a significant proportion of the tubes was also lost during this process.
Annealing for 30 minutes at 150 C also removed the residue (observed optically) and left more of the nanotube network intact (giving rise to a significantly higher conductivity through the network). It is thought that the surface coating was the remains of the surfactant 9 used during the separation process. Indeed, scanning electron microscope (SEM) studies and energy dispersive X-ray (EDX) spectra showed the presence of sodium deposits before washing and annealing, supporting this theory. Langmuir-Blodgett layers of the metallic nanotubes showed a similar residue. However, washing with methanol before dispersion in chloroform helped to remove this. This additional washing step did not help in cleaning the semiconducting nanotubes. The shape of the isotherm of the washed metallic material was similar to that of the unwashed material; however a higher surface pressure could be achieved.
The AFM images in Figure 3 Figure 4 shows the absorption spectra across a wavelength range 400 nm -1600 nm for 14-layer SWCNT-S and SWCNT-M LB films. Unsorted carbon nanotubes show relatively featureless absorption curves, with a general increase in absorption towards shorter wavelengths. 1 The separated materials show clear differences in their spectra, with absorption maxima at ~400 nm and ~1050 nm for semiconducting nanotubes, and maxima at ~400 nm and ~700 nm for the metallic nanotubes. These values agree with those reported in the literature.
8 Figure 4 . Optical absorbance for 14-layer SWCNT-S and SWCNT-M LB films.
Electrical Conductivity Contact Effects
Palladium was the preferred electrode material in our experiments. In common with other reports, this metal formed the most reliable electrical contacts. 12, 13 Measurements over electrode spacings of 220 nm and 2 mm on the same network revealed that the current, measured at a fixed voltage, was inversely proportional to the gap between the electrodes, suggesting that contact effects were not dominant. Experiments were also undertaken using aluminium contacts. In these cases, the current versus voltage characteristics were non linear, indicating the presence of potential energy barriers at the contact/nanotube interfaces. The thermal annealing step, introduced after the LB deposition process to remove organic contamination from the SWCNTs (see section above), also improved the contact between the nanotubes and the electrodes. To investigate the conductivity across single nanotubes or bundles of tubes (rather than across a network of nanotubes), electrodes with sub-micron spacing were fabricated as described in the Experimental section. An AFM image of two bundles of SWCNT-S tubes across a gap of approximately 220 nm is shown in Figure 5 . There are a number of different physical processes that could account for the electrical conductivity of our semiconductive nanotube networks. These have been discussed in the 16 literature. [14] [15] [16] Assuming that the conductivity is dominated by bulk rather than surface effects (evidenced by our experiments with different electrode spacings), possible conductivity mechanisms that have been considered to explain the electrical conduction in unsorted (i.e. mixed semiconducting and metallic) carbon nanotube films include quantum mechanical tunnelling between the individual tubes and variable range hopping.
The data shown in Figure 8 suggest that, at low temperatures, the conductivity is dependent on the applied electric field. Therefore, one mechanism that should be considered is that of Poole-Frenkel conduction. This is a bulk-limited process that operates at high electric fields (> 10 6 V m -1 ) in which the conduction is determined the energy barriers surrounding charged traps. The dependence of current on the electric field, F, is given by
where A is a constant, φ is a constant related to the trap depth and β PF is the Poole-Frenkel constant, given by
where ε 0 is the permittivity of free space and ε r is the relative permittivity of the medium.
Our previous work has suggested that Poole-Frenkel conduction provides a good explanation for the conductivity of SWCNT (unsorted) thin films deposited by electrostaticlayer-by-layer deposition. 15 The variable range hopping model gives a conductance, G, dependence on temperature of the form
where G 0 and T 0 are constants and d refers to the number of dimensions (in this case 2). Assuming that the conductivity is determined by the Poole-Frenkel process and using equations (1) and (2), a value for relative permittivity was calculated to be 984 at 80 K. This is significantly higher than reported in our previous work, with values between 6 and 22. 6 Our ellipsometry data reveal 'normal' refractive index values at optical frequencies (2.26 at 633 nm, and 1.75 at 546 nm, in the case of the semiconducting LB networks). However, the permittivity extracted from the Poole-Frenkel fitting is consistent with reports in the literature of very high dielectric constants for composite nanotube-polymer networks, with values up to 9000 at low frequencies. 17, 18 This is attributed to the nanotubes being in very close proximity to each other but remaining insulated by thin regions of polymer within the film (i.e. close to the percolation threshold). The film as a whole can then be regarded as a micro capacitor network leading to the very high values of permittivity due to a build up of interface charge 18 by Maxwell-Wagner polarization. It is likely that our CNT networks, deposited on an insulating (glass) substrate, act in a similar manner, giving enhanced permittivity values at low frequencies. Across much larger electrode gaps (2 mm) the current versus voltage characteristics of all our SWCNT-S thin film networks were linear. Clearly, in these instances, it is the conductivity of the nanotube networks, rather than the conductivity of individual bundles of tubes (e.g. as shown in Figure 5 ) that is being measured. A typical set of I-V characteristics at different temperatures is shown in Figure 10 Figure 11 ; the spacing of the palladium electrodes was 220 nm. In contrast to the data for SWCNT-S material (Figure 7) , the I-V curves are linear for all the measurement temperatures. Furthermore, the resistance of the network decreases with decreasing temperature, as shown in the inset to Figure 11 . This is as expected for a metal. The resistance versus temperature relationship can be approximated by 
